Abstract: Whispering gallery mode lasing has been realized from Au-ZnO hexagonal microwire Schottky diode. Electroluminescence characterization demonstrates ultraviolet lasing at room temperature with moderate threshold and high quality factor.
Introduction
Owing to its wide bandgap (3.37 eV) and a large exciton binding energy (60 meV) at room temperature, zinc oxide (ZnO) is a promising candidate for next-generation micro/nano ultraviolet optoelectronic devices, especially lasers [1] . Lasing actions from ZnO micro/nano structures can originate from three mechanisms namely random [2] , Fabry-Perot (F-P) [3] and Whispering Gallery Mode (WGM) [4] . In WGM lasers, hexagonal ZnO micro/nanostructures serve as a WGM lasing cavity and light propagates inside the structure through consecutive total internal reflection (TIR) at the inner walls. Therefore, WGM lasers are expected to have a high quality (Q) factor and low threshold due to its low optical loss at the cavity boundary. Most efforts on WGM ZnO microlasers are based on optical pumping [4] [5] [6] , and electrically pumped WGM lasers are rarely reported [7, 8] . In this presentation, we report an Au/ZnO microwire WGM Schottky laser diode for the first time.
Results and discussions
ZnO microwires were grown directly onto a silicon substrate in atmosphere pressure by employing vapor phase transport mechanism. The length of the as-grown microwires is around 0.2-3 mm and the diameter is around 8-12 μm. Scanning Electron Microscopy (SEM) characterization of the individual microwares showed smooth hexagonal facets. This morphology is important to build up total internal reflection arounds the walls, which act as WGM microcavity. X-ray diffraction (XRD) pattern from a horizontally placed individual microwire exhibits diffraction peaks of ZnO(102), ZnO(110) and ZnO(103) planes, indicating that the wurtzite ZnO wire grew along its cdirection. Temperature-dependent photoluminescence (PL) measurements were employed to investigate the excitonic origin and optical quality of the ZnO microwires. 
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Inset of Figure 1(a) shows the schematic of the Schottky junction WGM laser device. Microwires were first picked out by a tweezer and then placed horizontally on a ZnO seed layer with the help of PMMA. The c-axis oriented n-type ZnO seed film of around 500 nm was grown on a Si(100) substrate by plasma-assisted molecular beam epitaxy. The Schottky junction was formed by an e-beam evaporation of 5 nm Au on top of the ZnO microwire sidewalls. Due to the presence of semi-insulating PMMA (around 50 nm) and the limited Au evaporation, the metal cannot reach the underlying seed film. On top of the Au contact, an ITO glass slide ( 15-25 Ω/sq) is used for reliable current feed through during electrical measurements. Ti/Au (10 nm/100 nm) was deposited on ZnO seed film to serve as second contact. Current-voltage (I-V) curve in Figure 1(a) demonstrates rectifying behavior from this structure. The turn-on voltage is about 0.7 V, which confirms the formation of Au-ZnO Schottky junction. Figure 1(b) shows room temperature electroluminescence (EL) spectra of the Schottky junction laser device at different forward currents. The EL emission band extends from 378 nm to 410 nm with emission peaks centered about 390 nm. The emission intensity increases slowly when the injection current is below 50 mA, and it increases rapidly when the injection current increases beyond 50 mA, indicating a change from spontaneous towards stimulated emission. When the forward current is further increased to 85 mA many sharp lasing peaks with an FWHM of about 0.3 nm appear in the spectrum, which implies a high gain to sustain cavity modes in ZnO microwires. The Q factor is estimated to be about 1288. From the relation between EL intensity and injection current the lasing threshold is estimated to be around 53 mA. The output power was measured as 56 nW at an injection current of 85 mA. The inset of Figure 1 (b) shows a far-field emission pattern, indicating the blue-violet light emission from the three microwires based laser device at a current of 85 mA. The WGM lasing modes cannot be precisely associated with the wire diameters due to simultaneous emission from multiple similar wires and also slightly varying diameter of the same wire. The radiated modes compete with each other to sustain and end up with this kind of inconsistent mode structure. Considering the peak positions and the nature of the emission, lasing phenomena should originate from photon-exciton coupling [5] . With strong forward bias, holes from the Au electrode can directly tunnel through the valence band of ZnO and then readily recombine with the electrons in the conduction band to generate photons, which in turn couple with the emission from exciton recombination.
Conclusions
This work demonstrates a ZnO WGM microlaser diode by means of Schottky junction for the first time. The lasing originates from photon-exciton coupling in the ZnO WGM microcavities.
